In the asporogenc yeast Candida cylindracea, the codon CUG is read as serine instead of leucine. This is an unusual insance in which the amino acid ignment of a codon deviates from the universal code. To infer the evolutionary process of this change, the tRNA with the anticodon sequence CAG, which is complementary to and thus responsible for transltion of the codon CUG, has been identified. Indeed, this tRNA t tes an in-frame CUG codon in a synthetic mRNA as serine in an in vitro tntion system. The gene for the tRNA is interrupted by an intron in the anticodon loop. Sequence
is interrupted by an intron in the anticodon loop. Sequence comparisons of the tRNA and its gene suggest that a singl cytidine was inserted into the anticodon loop of the gene for tRNA"IGA during evolution to produce tRNAserCAG. The tRNAsCAG may be produced from its precursor molecule containing the cytidine insertion by splicing.
Several changes from the universal genetic code have been discovered, some in mitochondria and some in nuclei (1-7). In the nucleus, all codon changes observed have been from a stop codon to a codon for certain amino acids (stop codon capture). However, Kawaguchi et al. (8) have reported that, in the asporogenic yeast Candida cylindracea, the codon CUG is translated as serine instead of leucine. To our knowledge, this is the first example in which the assignment of an amino acid codon has deviated from the universal code in an intact cell or organism, though several such changes have been observed in mitochondria.
In this study, a tRNA with the anticodon sequence CAG, responsible for translation of the nonuniversal serine codon CUG, has been identified from C. cylindracea. Based on this and other findings (8, 23, 24, 26, 27, 30) , the evolutionary process of this code change has been inferred.
MATERIALS AND METHODS Organism. C. cylindracea MS-5 (8) was used.
Purifcation of tRNAs. By taking advantage of the fact that serine and leucine tRNAs have longer chains than other tRNAs, serine and leucine tRNAs of C. cylindracea were selectively separated from other tRNAs by electrophoresis on gels containing 8 M urea. In some experiments, serine isoacceptor tRNAs were aminoacylated with serine by using partially purified seryl-tRNA synthetase from C. cylindracea and isolated by benzoylated DEAE-cellulose column chromatography (9) after chemical modification with 2-naphthoxyacetate N-hydroxysuccinimide ester, as described by Andachi et al. (10) . By subsequent RPC S column chromatography and gel electrophoresis, serine and leucine tRNA species were purified for sequencing. For aminoacylation of naphthoxylated serine tRNAs, serine tRNAs, and leucine tRNAs, seryl-and leucyl-tRNA synthetases were partially purified from the S-100 fraction by DEAE-Toyopearl column chromatography.
Sequence Determination of tRNAs and the tRNA Gene. Nucleotide sequences ofpurified tRNAs were determined by the methods ofDonis-Keller (11) and Kuchino et al. (12) . The gene for the serine tRNA complementary to the codon CUG was amplified from C. cylindracea genomic DNA by the polymerase chain reaction (13) using two oligonucleotide primers synthesized according to the tRNA sequence. The purified DNA fragment was directly sequenced using both primers (14) .
In Vitro Translation. An oligonucleotide containing codons for phenylalanine (TTT) and leucine (TTG) with CTG codons inserted was synthesized, followed by its insertion between Apa I and HindIII sites of plasmid vector pGEM-7Zf (Promega) and transfection into Escherichia coli Sure (Stratagene 10 ,uM leucine, 10 ,uM serine, and 100 y1 of C. cylindracea cell-free extract (containing 9 pg of protein per ,ul. Aliquots (50 Au) were deacylated in 1 M NaOH, and the "hot" trichloroacetic acid-insoluble radioactivity (16) was measured by liquid scintillation counting.
RESULTS
Five serine and two leucine tRNA species were purified from C. cylindracea and sequenced. One of the serine tRNAs had the anticodon CAG (tRNAs-rCAG) that can pair, according to the codon-anticodon pairing rules, only with the codon CUG (Fig. 1A) . The other four serine tRNAs could pair with lPresent address: Department of Industrial Chemistry, Faculty of Engineering, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan.
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Proc. Natl. Acad. Sci. USA 89 (1992) Table 1. tRNAFerCAG had the following unusual features in its primary structure. (i) The discriminator base (position 73) is uridine, whereas it is guanosine in most of serine tRNAs. (ii) The 3'-adjacent nucleoside of anticodon (position 37) is unmodified adenosine, whereas most tRNAs have a modified nucleoside at this position (17) . (iii) The 5'-adjacent nucleoside of anticodon (position 33) is unmodified guanosine, whereas it is a pyrimidine nucleoside in all tRNAs that have been reported (17) . 
Codons UUA and CUA are not used in the gene for lipase 1 (8) . tRNAs corresponding to these codons could not be isolated. In yeast, inosine (I) at the first position of anticodon may not pair with adenosine at the third position of codon (18) . Cm, 2'-Omethylcytidine; ncm5U, 5-carbamoylmethyluridine.
Translation of mRNAs containing an in-frame CUG codon with the various tRNAs was examined in vitro (Fig. 2) . When the tRNA had the anticodon CAG, [3H]serine was incorporated (Fig. 2) , whereas when the tRNA had the anticodon GCU or IGA, no [3H]serine was incorporated. Thus, tRNA-erCAG is responsible for reading the codon CUG as serine.
Sequence comparison of the tRNASerCAG with its gene indicates that the gene is interrupted by a 15-nucleotide intron (Fig. 1B) and that the anticodon CAG is created from the precursor molecule by removal of the intron. Splicing should occur at the sites shown by solid arrows in Fig. 1B , in accordance with the specificity of splicing endonuclease in Saccharomyces cerevisiae (19, 20) . If a cytidine or an adenosine at position a or p in Fig. 1B is deleted and the intron is removed from the precursor at the sites shown by dotted arrows, the resultant molecule is a tRNA with the anticodon IGA (AGA in DNA) or CGA, each ofwhich translates codons in UCN serine family box. It is thus likely that the insertion of a cytidine or an adenosine occurred in one of the tRNASer genes during evolution. Insertion of a cytidine in the gene for tRNASeqGA, rather than insertion of an adenosine in the gene for tRNASerCGA is more plausible, because this cytidine bulges out from the stem structure of the precursor molecule, whereas insertion of an adenosine causes disruption of its stem structure.
The presence of two adenosine residues next to 3' end of the anticodon (Fig. 1A) supports the hypothesis that tRNAserCAG arose from tRNASer, since this feature is one of the characteristics of tRNASer and not of tRNALeU in C. cylindracea and in other eukaryotes (17) . The Another possibility would be that mutations accumulated in seryl-tRNA synthetase so that it could interact with tRNA'-uCAG in the ancestral organism. This possibility was ruled out by the aminoacylation experiments of this tRNA with aminoacyl-tRNA synthetases partially purified from S. cerevisiae and C. cylindracea. Seryl-tRNA synthetase purified from either yeast aminoacylated tRNA-rCAG with serine, whereas leucyl-tRNA synthetase purified from either yeast did not.
DISCUSSION
How has the codon CUG come to be translated as serine during the evolution of C. cylindracea? Direct replacement of leucine with serine in proteins would require that tRNALU-CAG specific for the codon CUG react with seryl-tRNA synthetase, so that serine is inserted instead of leucine at all sites previously occupied by codon CUG. Such deleterious replacement is unlikely. Indeed, two sets of evidence argue against it. (i) The tRNA participating in this code change is almost certainly tRNAs r and not tRNALeuCAG as described above. (ii) Positions corresponding to the CUG-encoded serines in one of the lipase I genes from C. cylindracea are generally occupied by universal serine codons in four homologous genes from an asporogenic yeast, Geotrichum candidum, Torpedo californica, and humans (23) , in which CUG is a leucine codon.
It would be more plausible for the codon CUG to be unassigned (24) by disappearing from the genetic code with a concomitant loss of the corresponding tRNALeuCAG; this would avoid the problem of the codon CUG encoding two amino acids, leucine and serine, should the tRNAserCAG appear at some point in evolution. The production of an unassigned codon is usually the result ofdirectional mutation pressure (25) . Most Candida species have an A+T-rich genome, whereas C. cylindracea has a G+C-rich genome (61%). It is thus possible that the ancestor of C. cylindracea was under directional mutation pressure for an A+T-rich genome (AT pressure), so that the codon CUG would be unassigned because the cells were converted to other A+U-rich leucine codons, such as UUA. Indeed, UUA is the predominant leucine codon and there is almost no use of CUG in several genes in some G+C-poor Candida species such as Candida albicans (G+C, 35%) in which the 5S rRNA sequence is close to that of C. cylindracea (unpublished data). tRNAI-uCAG could not be found in C. cylindracea, presumably because of its loss in the ancestor. Switching the directional mutation pressure from an A+T-rich genome to a G + C-rich genome could then have occurred in the C. cylindracea lineage. Upon appearance of tRNASOr-CAG, probably from tRNA,*qGA as described above, the codon CUG would have arisen through individual mutation of various other codons under GC pressure (see below) and would have been translated as serine by tRNA-OrCAG.
In one of the lipase I genes in C. cylindracea, CUG codes for serine in the Ser-His-Glu catalytic triad of the lipase (8, 23) . Universal serine UCN or AGY codons are impossible to change to CUG without passing through an intermediate codon that does not encode serine, as discussed for the evolution of an active-site serine codon in serine proteases (26, 27) . For example, serine codon UCG must have mutated to a codon for another amino acid such as UUG leucine. When it occurred at the active site, the enzyme may have lost lipase activity. As several lipase I genes exist in C. cylindracea (8) , this mutation may not have seriously affected the amount of functional lipase in the cells. Some of the mutated genes would have become pseudogenes (in fact several lipase pseudogenes exist; ref. 8) , whereas others would have restored the function by a mutation of the leucine UUG to serine CUG under GC pressure.
The serine at the active site of an indispensable single-copy protein gene would not have been directly involved in this reassignment. Thus, we suggest that reassignment of the codon CUG from leucine to serine was brought about by neutral changes (28, 29) , in accordance with the codon capture theory for change in the genetic code (24, 30) . 
